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Muon-spin relaxation results on the pyrochlore iridate Nd2Ir2O7 are reported. Spontaneous coherent muon-
spin precession below the metal-insulator transition (MIT) temperature of about 33 K is observed, indicating
the appearance of a long-ranged magnetic ordering of Ir4+ moments. With further decrease in temperature, the
internal field at the muon site increases again below about 9 K. The second increase of internal field suggests the
ordering of Nd3+ moments, which is consistent with a previous neutron experiment. Our results suggest that the
MIT and magnetic ordering of Ir4+ moments have a close relationship and that the large spin-orbit coupling of
Ir 5d electrons plays a key role for both MIT and the mechanism of the magnetic ordering in pyrochlore iridates
in the insulting ground state.
PACS numbers: 71.30.+h, 75.30.-m, 75.47.Lx, 76.75.+i
Pyrochlore iridates provide a fertile playground to investi-
gate novel topological phases based on the network of corner-
sharing tetrahedra structure and the relatively large spin-orbit
coupling (SOC) inherent in Ir 5d electrons.1–5 The interplay
between SOC and electron-electron correlations (U) produces
characteristic electronic states. A series of R2Ir2O7 (R-227,
R = Nd-Ho) compounds exhibit metallic or semi-metallic be-
havior and undergo metal-insulator transitions (MIT’s) at tem-
perature TMI,6 while Pr-227 shows metallic behavior down to
0.3 K.7
The MIT has been observed to be accompanied by a mag-
netic anomaly. The magnetic susceptibility exhibits a bifur-
cation in the field-cooled (FC) and zero-field-cooled (ZFC)
conditions below TMI.6 A muon-spin relaxation (µSR) exper-
iment on Eu-2278 observed the muon-spin precession in the
zero-field (ZF) condition below TMI, indicating that MIT is
accompanied by a long-ranged magnetically ordered state. In
the case of Y-227, Shapiro et al.9 reported the similar bifurca-
tion of the magnetic susceptibility at ∼ 155 K, although MIT is
indistinct from the resistivity measurement. Disseler et al.10
reported the bifurcation of the magnetic susceptibility in the
same system at ∼ 190 K and the appearance of the sponta-
neous muon-spin precession from ZF-µSR below ∼ 150 K. A
local spin-density approximation calculation including U and
SOC showed that the non-collinear all-in/all-out (pointing to-
ward or outward the center of the tetrahedra) spin configura-
tion is indispensable to reproduce the insulating phase, indi-
cating a possible relationship between MIT and magnetically
ordered state.3
In this study, we focus on Nd-227 which shows metallic
behavior at high temperatures and undergoes a MIT at T MI of
about 33 K, which is the lowest in the series of R-227, and
the magnetic susceptibility shows the bifurcation below T MI
in ZFC and FC conditions.6 A neutron study on Nd-227 re-
vealed an ordering of Nd3+ moments below T Nd = 15 ± 5
K, and pointed out the appearance of a hidden ordering of
Ir4+ moments below TMI since the Kramers ground doublet of
Nd3+ begins to split below TMI.11 Disseler et al. performed
the ZF-µSR experiment on Nd-227 and observed the muon-
spin precession below 8 K.12 They claimed that this muon-
spin precession is attributed to an ordering of Ir4+ moments
while Nd3+ moments are still fluctuating. Accordingly, those
controversial results encourage us to re-study the magnetic
properties of Nd-227 especially below TMI.
In this paper, we present ZF and longitudinal-field (LF)
µSR results on Nd-227. We use a high quality sample
with the same grade of that used for the neutron scattering
experiment.11 We observe the spontaneous muon-spin preces-
sion below ∼ 30 K which is almost the same as TMI = 33 K. In
addition, another increase of the internal field at the muon site
is observed below about 9 K. This result suggests that Ir4+ mo-
ments form a long-ranged ordered state below TMI and Nd3+
moments show another ordering below about 9 K. The smaller
value of the internal field from the ordered Ir4+ moments at the
muon site suggests the reduction of Ir4+ moments compared
with the other pyrochlore iridates which have the insulating
ground state. Our results suggest a close relationship between
the MIT and magnetic transition in Nd-227 as suggested in
other R-227 systems such as Eu-227.
A polycrystalline sample of Nd-227 was synthesized by a
standard solid-state reaction method.6,13 The sample quality
can be checked by both the X-ray diffraction (XRD)13 and
MIT. Single phase was confirmed by XRD with narrow and
sharp peaks. The sharp MIT at 33 K, which is the same
as determined on the samples used for previous macroscopic
measurement6 and neutron scattering experiment,11 was con-
firmed as well. Recently, Ueda et al. synthesized a high-
quality sample by using a high-pressure solid-state reaction
method and their obtained value of TMI is almost the same
as that of ours.14 µSR experiments were performed at the
RIKEN-RAL Muon Facility at the Rutherford-Appleton Lab-
oratory in the UK.15 Spin-polarized pulsed muons were in-
jected into the sample and decayed positrons ejected pref-
erentially along the muon-spin direction were accumulated.
The initial muon-spin polarization is in parallel with the beam
line. Forward and backward counters are located in the up-
20 5 10 15
0
5
10
15
C
or
re
ct
ed
 A
sy
m
m
et
ry
 (%
)
Time ( s)
 154.2 K
 56.0 K
 32.0 K
 29.6 K
 15.9 K
 5.2 K
Nd2Ir2O7
ZF
(a)
0.0 0.2 0.4 0.6 0.8 1.0
0
5
10
15
 
 
C
or
re
ct
ed
 A
sy
m
m
et
ry
 (%
)
Time ( s)
(b)
FIG. 1. (Color online) Zero-field µSR time spectra measured at var-
ious temperatures. Solid curves are fitting results by using Eq. (1).
(a) shows the long-time muon-spin depolarization behavior up to 15
µsec; and (b) shows that in an early time region.
stream and downstream of the beam line. The asymmetry pa-
rameter of the muon-spin polarization is defined as A(t) =
[F(t) − αB(t)]/[F(t) + αB(t)], where F(t) and B(t) are the
number of muon events counted by the forward and back-
ward counters at time t, respectively. The α reflects the rel-
ative counting efficiency of the forward and backward coun-
ters. The time dependence of A(t) (µSR time spectrum) was
measured at different temperatures. The LF was applied along
the initial muon-spin polarization.
Figure 1(a) shows ZF-µSR time spectra at various tempera-
tures. Spectra above TMI show the exponential depolarization
behavior. With decrease in temperature, the muon-spin depo-
larization becomes faster as the temperature is approaching to
TMI. When the temperature is lower than TMI, a significant
loss of the initial asymmetry at t=0, A(0), is observed. Figure
1(b) shows an early time region of the time spectrum. The
time spectrum at 32 K does not show any remarkable change
and no evidence of the appearance of a magnetically ordered
state is obtained. Well-defined muon-spin precession devel-
ops with decreasing temperature below about 30 K. This ob-
servation gives a strong indication of the appearance of a long-
ranged magnetically ordered state. The muon-spin precession
becomes faster and its precession amplitude becomes smaller
with decreasing temperature, and is not well-defined below
about 5 K (data not shown).
In order to analyze the time spectra, the phenomenological
function of
A(t) = A1exp(−λ1t) + A2cos(γµHintt + φ)exp(−λ2t) (1)
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FIG. 2. (Color online) Temperature dependence of (a) the internal
field at the muon site, Hint; (b) the damping rate of the muon-spin
precession, λ2; and (c) the muon-spin depolarization rate, λ1. The
inset in (c) shows λ1 in the whole measured temperature range. The
broken line show the temperature of MIT. The yellow-colored area
shows the temperature regions where the ordering of Nd3+ moments
occurs.11 The Hint at the base temperature in (a) was estimated by the
LF measurement as described in the text.
is used. The first and second terms express the exponentially
depolarized and the muon-spin precession components with
the initial asymmetries of A1 and A2, respectively. In the case
of no muon-spin precession, only the first term is applied.
Some muons are stopped at the silver sample holder making
a background component. This background component has
been subtracted from the analysis. Here, λ1 represents the
muon-spin depolarization rate of the first term, λ2 and φ are
the damping rate and the phase of the muon-spin precession,
respectively. γµ/2pi = 13.55 MHz/kOe is the gyromagnetic ra-
tio of the muon, and Hint is the internal field at the muon site.
Principally speaking, Nd3+ and Ir4+ moments would give dif-
ferent contributions to λ1. Since the spectra can be well fitted
to Eq. (1), both contributions to the muon-spin depolariza-
tion can be described as the single-exponential function and it
is hard to separate each contribution from one time spectrum.
Fitted results are shown by solid curves in Fig. 1 and extracted
parameters are plotted in Fig. 2.
Figure 2(a) shows the temperature dependence of Hint. The
Hint begins to increase with decreasing temperature below
3TMI. Since no clear muon-spin precession is observed at TMI
and a distinct change of the µSR time spectrum is observed
below about 30 K, it is reasonable to identify that the mag-
netic ordering temperature is about 30 K from the present µSR
measurement. This temperature is more or less similar to TMI
determined by the transport measurement.6 With further de-
creasing of temperature, Hint increases following the Brillouin
type behavior and saturates below 20 K to the value of about
350 G, and increases again below about 9 K until the muon-
spin precession becomes unobservable. Since Hint tends to
exceed 500 G at lower temperatures, which is close to the lim-
itation of the time resolution of the pulse muon facility,15 the
absence of muon-spin precession should be attributed to the
limitation of the facility rather than the intrinsic disappearance
of the long-rang ordered state.
Figure 2(b) shows the temperature dependence of λ2, which
reflects the damping rate of the muon-spin precession due to
both dynamically fluctuating and statically distributed internal
fields at the muon site.16 Thus, the decrease in λ2 in the mag-
netically ordered state indicates that magnetic moments be-
come well aligned and/or that the spin fluctuations slow down.
The λ2 exhibits an upturn below about 9 K. Although absolute
values of these data are unreliable due to the limitation of the
time resolution of the pulsed muon beam, this change in λ2
could be explained as that the distribution of Hint is enhanced
and/or the spin dynamics becomes unstable again. Figure 2(c)
shows the temperature dependence of λ1 up to 35 K, while
the data up to 150 K is depicted in the inset. This parame-
ter can be regarded to reflect the dynamic fluctuations of the
internal field at the muon site.17 Upon cooling from 150 K,
λ1 increases monotonically. An anomaly has been reported
at about 120 K in the temperature dependence of λ1 in the
previous µSR experiment on Nd-22712 and is attributed to the
Ir4+ magnetism. However, such an anomaly is not observable
either in λ1 or in the resistivity around 120 K in our measure-
ments. With further decrease in temperature, λ1 tends to level
off around TMI but increases again forming a peak at ∼ 9 K.
No critical slowing down behavior is observed around 30 K
where the long-ranged ordered state appears. The lack of the
critical slowing down behavior has been also observed in Eu-
227, Y-227 and Yb-227.8,10
In order to obtain quantitative information of Hint at lower
temperatures, we carried out LF measurements separately at
2.2 K. As performed in previous studies, Hint beyond the de-
tectable limitation of the pulsed muon facility can be eval-
uated from the decoupling behavior of the muon-spin from
Hint by LF.18,19 Since fast and slow exponentially depolar-
ized components are observed at 2.2 K in the LF (data not
shown), time spectra in LF are analyzed by the phenomeno-
logical two-component function of A(t) = Afastexp(−λfastt) +
Aslowexp(−λslowt), where Afast and Aslow are the initial asym-
metries of the fast and slow depolarized components, respec-
tively. The Hint is evaluated by the LF dependence of the
normalized initial asymmetry A(0) by using the following
function:20
A(0) = 3
4
−
1
4x2
+
(x2 − 1)2
16x3
ln
(x + 1)2
(x − 1)2 , (2)
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FIG. 3. (Color online) Longitudinal field (LF) dependence of the
normalized initial asymmetry, A(0) at 2.2 K. The red curve is the fit
to Eq. (2).
where x = LF/Hint. This equation assumes a unique internal
field at the muon site with random orientation. The fitted re-
sult is the solid curve in Fig. 3. The extracted Hint at 2.2 K is
495 ± 61 G and shown as a triangle mark in Fig. 2(a). The ex-
tracted value of Hint is closed to the direct evaluation at 5.2 K,
suggesting that the internal field tends to saturate below about
5 K. We also note that this value is closed to that obtained by
Disseler et al.12 at 1.6 K.
The neutron experiment suggested an ordering of Nd3+ mo-
ments below 15 ± 5 K.11 Our µSR results show that the long-
ranged magnetically ordered state appeares below TMI and
changes its ordered state again below ∼ 9 K. Taking into ac-
count the neutron experimental result, it is concluded that the
change of the long-ranged ordered state observed in our study
below 9 K is originated from the ordering of Nd3+ moments.
Accordingly, the increase of λ2 and the peak of λ1 around 9 K
are regarded as the increase of the distribution of Hint and the
slowing down behavior of Nd3+ moments, respectively. The
ordering temperature of Nd3+ moments and the saturation of
the internal field below ∼ 5 K are roughly consistent with the
neutron result.11 As a result, the long-ranged ordered state be-
low TMI is concluded to be the one of Ir4+ moments and its or-
dering temperature is similar to TMI. This result suggests that
the long-ranged ordering of Ir4+ moments in Nd-227 is closely
related to the MIT as observed in Eu-227.8 The magnetic vol-
ume fraction of the long-range ordered state can be estimated
from the amplitude of the muon-spin precession and A1, and at
least 60% of Ir4+ moments show the long-range ordered state
around 20 K. The magnetic volume fraction becomes almost
full after Nd3+ moments form the ordered state below 10 K.
Following that the internal field at the muon site below TMI
should come from the long-ranged ordering of Ir4+ moments,
the saturated Hint of about 350 G below 20 K is much smaller
than the other pyrochlore iridate with insulating ground state.
4In the case of Y-227, Yb-227 and Eu-227, the saturated Hint
are 1100 G, 1100 G and 987 G, respectively. Suppose that the
muon site in Nd-227 does not change drastically compared
with these compounds and that the Ir sublattice has the similar
magnetic structure, it is expected that the magnetic moment of
Ir4+ in Nd-227 is reduced. The reduction of the Ir4+ moment
may then suppress the magnetic ordering temperature in Nd-
227. Indeed, the ordering temperatures in Eu-227, Y-227 and
Yb-227 are 120 K, 150 K and 130 K, respectively, while it is
only about 30 K for Nd-227. The reduction of the Ir4+ mo-
ment could be caused by the larger hybridization between Ir
5d and O 2p orbitals in Nd-227 since Nd-227 is adjacent to
Pr-227 which has the metallic ground state with no magnet-
ically ordered state. Detailed numerical calculations of the
ordered structure and magnitude of the Ir4+ moment are now
going on including the estimation of hyperfine interactions at
the expected muon site.
To reveal the mechanism of MIT and its relationship to the
non-collinear all-in/all-out spin structure is a key issue to dis-
cuss novel electronic properties which are derived from strong
SOC of Ir 5d electrons. Disseler et al. suggested from their
ZF-µSR study on Nd-227 that a disordered state of Ir4+ mo-
ments appears below about 120 K where the resistivity shows
an anomaly and that the disordered state changes into a long-
range ordered one below about 8 K while the Nd3+ moments
keep paramagnetic down to 1.8 K.12 Such a disordered in-
termediate state was also observed on Y-227 by the same
group.10 They suggested that the Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction between Ir4+ moments induces
the long-range magnetically ordered state. It should be noted
that, the electronic property of their sample is different from
that of the sample used in the neutron scattering experiment,
showing unclear MIT and the less increase of the resistivity
at low temperatures. In our study by using the high-quality
sample, no anomaly from the resistivity and no sign of the
disordered state are observed around 120 K. Furthermore, the
system is insulating below TMI, which makes the RKKY in-
teraction mechanism not to be suitable to explain the forma-
tion of magnetically ordered state and its relationship with the
MIT.
Our results also reveal that the MIT and magnetic transition
of Ir4+ is strongly correlated. In the case of the Eu-227 system,
a long-ranged magnetically ordered state of Ir4+ moments ap-
peares below TMI although no critical slowing down behavior
is observed around TMI. A change in the crystal structure is
also observed in Eu-227 by a Raman scattering measurement
to be accompanied with the long-ranged magnetically ordered
state, whereas no detectable lattice distortion is observed for
Nd-227.21 This results in that the magnetic ordered state and
the band gap at the Fermi surface are not induced by the re-
leasing of geometrical frustration by means of lattice distor-
tion.
Yamaura et al. has suggested from the resonant X-ray scat-
tering measurement on Cd2Os2O7 that the Slater transition
mechanism is excluded from possible origins of MIT because
the all-in/all-out spin configuration does not break the lattice
periodicity. Alternatively, they proposed a similar mechanism
to the Lifshitz transition in which the non-collinear all-in/all-
out spin structure causes the energy levels of the hole and
electron bands moving downwards and upwards, respectively,
inducing a gap at the Fermi level.22 Our present µSR study
on Nd-227 reveals that the magnetic transition temperature
of Ir4+ moments is very close to TMI. It is quite difficult to
say whether both temperatures are the same or not because
each temperature is decided by different methods which have
different characteristic time windows. Assuming that both
temperatures are almost the same, the electronic state of Nd-
227 can be regarded as the same with those of Eu-227 and
Cd2Os2O7. In this case, the Lifshitz-like transition which Ya-
maura et al. has suggested seems to be realistic for the under-
standing of the mechanism of MIT and the large SOC of Ir 5d
electrons should play a key role for MIT and the mechanism
of the magnetic ordering. On the other hand, as observed in
Y-227 and Yb-227 systems, the magnetically ordered state ap-
pears in the insulating state. If this is the case, the magnetic
transition is not related to the MIT and the gap at the Fermi
level is formed by different mechanisms like the Mott one as
reported in Sr2IrO4.23,24 A clear model to explain about the
mechanism of the appearance of the all-in/all-out spin struc-
ture and MIT is still unclear from this study. Careful and
more detailed studies by using other experimental methods are
needed around TMI in order to clarify the relationship between
the magnetic ordering and MIT.
In summary, ZF- and LF-µSR experiments were conducted
to Nd-227 in order to investigate the magnetic properties be-
low TMI and its relationship with MIT. Long-ranged magnet-
ically ordered states associated with Ir and Nd sublattices are
observed below about 30 K and 9 K, respectively. The sat-
urated internal field at the muon site transferred from the or-
dered Ir4+ moments is reduced compared with other R-227
compounds with the insulating ground state, suggesting a re-
duction of the Ir4+ moment due to the larger hybridization be-
tween Ir 5d and O 2p electronic orbitals in Nd-227. The mag-
netic transition of Ir4+ moments is found to be closely related
to the MIT. The band gap at the Fermi level can be formed
by the similar mechanism of the Lifshiz transition triggered
by the magnetic ordering with the non-collinear all-in/all-out
spin structure showing the importance of the large SOC of Ir
5d electrons, although there still be a possibility that the gap
is induced by the Mott mechanism.
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